Hydraulic fracturing is routinely used to enable production in hydrocarbon-bearing shale but no commercial in-situ borehole methods are available except microseismic monitoring for appraising the shape and spatial reach of hydro-fractures. Borehole resistivity measurements were previously shown to be suitable for in-situ hydro-fracture assessment provided that the proppant enhances the contrast of electrical conductivity between the fractures and the embedding formation. In this article, an FFTaccelerated integral-equation method is used to quantify the sensitivity of multi-component low-frequency borehole resistivity measurements to the shape, area, and dip of 3D hydro-fractures. Numerical simulations performed at 100 Hz for a sand proppant indicate the following: (i) Coaxial measurements are insensitive to shape but can quantify the area of axially symmetric fractures; the maximum area they can differentiate is a function of the spacings between the transmitter and receivers; e.g., it is 2 3600 m p  for an instrument with large spacings. (ii) Coaxial measurements can differentiate between axially asymmetric and symmetric fractures; the maximum area they can differentiate is larger for asymmetric fractures. (iii) Crosspolarized measurements can quantify fracture dip.
Introduction
Hydraulic fracturing is widely used to enhance hydrocarbon production from organic shales and tight-gas sands. While hydro-fracture technology has evolved very rapidly in recent years, much work is still needed to reliably diagnose and appraise the fracture flow efficiency, geometrical properties, and spatial reach. Recent work investigated the potential of borehole resistivity measurements to detect and quantify hydro-fractures: (i) High-frequency (>10 kHz) measurements were invoked to infer the length, resistivity, and dip of fractures around a borehole (Tang et al., 2006; Xue et al., 2008; Hu et al., 2010) . Unfortunately, they were only applied to simple (wing-like or square-shaped) fracture models, while highfrequency measurements were insensitive to long fractures because of the rapid decay of electromagnetic waves in electrically conductive rocks. (ii) Low-frequency (<1 kHz) measurements were found to be promising candidates for estimating the length and thickness of long fractures filled with electrically conductive proppant (Pardo and TorresVerdin, 2012 ), but they were only validated for simple (disk-shaped) hydro-fractures; moreover, the study was limited to single-component coaxial measurements along the borehole. It is not yet clear whether borehole resistivity measurements are suitable for detecting more general hydro-fractures, including the common case of irregularlyshaped and arbitrarily-oriented fractures in electrically complex backgrounds, such as in anisotropic layered media with mechanically weak surfaces.
In this article, a fast integral equation method is used to investigate the validity of multi-component low-frequency borehole resistivity measurements for detecting and appraising arbitrarily shaped and oriented 3D hydrofractures. Similar to (Pardo and Torres-Verdin, 2012) , it is assumed that the electrical conductivity contrast between the fractures and the background is enhanced with the use of an electrically-conductive sand proppant. To rapidly and accurately simulate borehole resistivity measurements, the adaptive integral method (AIM) (Bleszynski et al., 1996) is used here. Similar to the CG-FFT method (Zhang and Liu, 2003) , AIM uses 3D-FFTs to exploit the translational invariance of Green functions and reduce the computational costs. Unlike the CG-FFT method, however, AIM is not constrained to regular meshes. Note that only simple backgrounds are considered here; the methodology can also be extended to account for more complex background models (Yang and Yılmaz, 2012a; Yang and Yılmaz, 2013a) , which will be reported in a future publication.
Theory
The open-hole resistivity measurement of a hydro-fracture is modeled as shown in Fig. 1(a) . The model consists of an anomalous volume V and a logging instrument residing in a homogeneous background. The anomalous volume is the union of (i) a two-layer cylinder-an inner tool and an outer mud layer-that is terminated at 50 m (about one skin depth in the mud) and (ii) a 5-mm thick layer of arbitrary cross sectional area A and dip angle a . All materials are assumed isotropic and non-magnetic; the {permittivity, conductivity} of V and background are denoted by { , } 
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where R ¢ = -r r is the distance,
is the homogeneous Green function, and eff 0 eff j g w me =  is the complex propagation constant. Substituting (2) into (1) gives the volume electric field integral equation (VEFIE), which is solved using the standard method-ofmoments procedure: (i) The volume V is meshed into tetrahedral sub-domains with N faces (Fig. 1(b) ).
(ii) The current density V J is expanded using N SWG functions (Schaubert et al., 1984) . (iii) The VEFIE is converted to the matrix equation First, the anomalous volume is enclosed with an auxiliary 3D regular grid composed of C N nodes ( Fig. 1(c) ). Then, the impedance matrix is approximated as
Here, the complex sparse matrices x,y,z, Λ  , which are sparse matrices of size C N N  , represent anterpolation (Brandt, 1991) from the tetrahedral mesh to the auxiliary grid, their transposes represent interpolation from the auxiliary grid to the tetrahedral mesh, the matrix G , which is a dense 3-level block-Toeplitz matrix of size C C N N  , represents propagation on the auxiliary grid, and near Z , which is a sparse matrix, is used to "pre-correct" (Phillips and White, 1997) the matrix entries when the basis-testing functions are close to each other (Yang and Yılmaz, 2012b) . By storing only the unique entries of these matrices and by using 3D-FFTs to multiply G , the AIM procedure requires seconds to multiply them at each iteration. It should be observed that C N N  when simulating large fractures orthogonal to the borehole axis ( Fig. 1(c)) ; thus, other algorithms that use auxiliary grids with smaller number of nodes (Yang and Yılmaz, 2013b) may be more efficient than AIM.
Numerical Results
Next, the open-hole resistivity measurement depicted in Fig. 1 is simulated with different fracture models. Two types of logging instruments were simulated by setting 1 2 { , } d d either to {1.2,1.5} m for the "short spacing" or to {18,19.2} m for the "long spacing" type instrument. In either type of simulation, the instrument was moved along the borehole axis and the received fields were estimated as follows: The anomalous volume was excited repeatedly by changing the transmitter position and polarization, the scattering problem was solved, and the resulting V J was used to compute the magnetic fields 1 H and 2 H at a distance 1 d and 2 d away from the transmitter along the axis of the borehole, respectively. Then, the normalized difference of the u -directed magnetic field components due to a v -polarized source were computed, i.e., cross-polarized measurements diff xy H of circle fractures with the long-spacing instrument for various areas and dips as a function of the center of the receivers. Fig. 3 shows that the instrument can discern fracture areas up to 2 3600 m p  for all dip angles. Moreover, the measured diff xy H components can clearly sense fractures with different dips. Results for asymmetric dipping fractures together with uniaxial background effects are omitted in this abstract due to lack of space but will be presented at the conference.
Conclusions
Numerical simulations indicate that multi-component lowfrequency borehole resistivity measurements are promising to detect and characterize the shape, area, and dip of 3D hydro-fractures. Coaxial components can quantify the area up to 2 3600 m p  ( 4 2 2.3 10 m ṕ  ) for axially symmetric (asymmetric) hydro-fractures with a longspacing instrument in an open-hole well. They can also discern axially symmetric fractures from asymmetric ones. Cross-polarized components are adequate to define the fracture dip. 
